Abstract The present review focuses on the cultivation of algal biomass for generating value-added products (VAP) and to assess their economic benefits and harmful environmental impact. Additionally, the impact of bioreactor designs on the yield of microalgal biomass for VAP is also considered. All these factors are discussed in relation to the impact of microalgae production on the bio-economy sector of commercial biotechnology.
Introduction
Microalgae, characterized by production of significant amounts of biomass and oil content can be used as feedstock for biodiesel production and has been proposed as a potential source of renewal energy. Additionally, residual microalgal biomass can also be utilized to generate biohydrogen using anaerobic digestion, biogas, bio-ethanol, biomethanol, bio-plastics, bio-fertilizer, medicinal value products, and animal food (Tong et al. 2014; Gebreslassie et al. 2013; Gallezot 2012) . However, the most common fuel generated from microalgae is biodiesel which is produced by transesterification of algal lipid (Zhu 2015; Huang et al. 2014; Gonçalves et al. 2013; Zhu and Ketola 2012) . The potential benefit of microalgae for biodiesel production is relatively high in compared to crop plants as its' growth requires less land space and can also be easily grown in wastewater (Bhatt et al. 2014; Chisti 2012; Pittman et al. 2011; Wijffels 2008; Brennan and Owende 2010) . Previously published works have shown the benefits as well as weakness for the production of microalgal-based VAP, especially in the extraction and purification of VAPs. The improvement of these extraction and purification techniques to produce VAP at the commercial level has not yet been realized due to lack of research, high costs and unavailability of necessary facilities (Oswald et al. 1988) . A variety of byproducts along with biofuel is being produced in pilot scale by microalgal biomass. To increase biodiesel production, two reactor systems, namely, the open pond system and the close type photobioreactor, have been used to generate a large amount of microalgal biomass (Richardson et al. 2012) . Designing and fabrication of a bioreactor (BR) is very important, and BR must be designed with different process options, and in accordance with the desired products such as medicinal, cosmetics, fertilizer, biofuel, bio-plastics, food supplements, etc. (Kumar et al. 2015; Richardson et al. 2012; Dasgupta et al. 2010) . Though microalgal-based biofuel generation has advantageous over fossil fuel, it is also important to evaluate its economic feasibility and its environmental impacts prior to mass scale cultivation. Figure 1 shows the range of applications of microalgal biomass which includes biofuels as well as different types of highvalue-added products (VAP).
Greater significance should be given to the adaptation of eco friendly and low-cost approaches for the production of VAP. The research gaps present between the processing units (cultivation, harvesting, extraction, marketing, etc.) should act as a bridge to magnify the microalgal-based products at a pilot scale. The main benefit of microalgaebased VAP, over plants, lies in their metabolic flexibility which will allow the possibility of modification to their biochemical pathways. Microalgal-based VAP has an enormous market value and potential to reduce the dependency on fossil fuel as well as to produce different high-value chemical products. The objective of this article is to explore the various applications of microalgal biomass, different extraction methods of VAP, their market potential, and assess their enviro-economical impact.
Future bio-products from algae Biofuels
The extensive use of fossil fuel for energy generation has increased CO 2 levels in the atmosphere and is thought to be potential contributors to global warming. To combat global warming, alternative sources for energy production have been investigated, of which microalgae-based biofuel/biopower production (3rd generation fuel) is being considered as one of the viable option (Chisti 2012) . Photosynthetic efficiency of microalgae as well as the rate of microalgalbased bio-oil production is many folds higher over plants (Richardson et al. 2012) (Table 1 ). There are several high energy fuel types (biodiesel, biohydrogen, bio-ethanol, biooil, biogas) produced by microalgae. Usher et al. (2014) have reported that microalgal-based biohydrogen has higher energy content compared to gasoline and petrodiesel and that there is very little difference in energy content of algal-based biodiesel and bio-oil when compared to gasoline. Hence, biomasses from different microalgal species (Table 2) have been tested for their potential to produce biofuels. Microalgal-based bioenergy options are carbon neutral or carbon balanced process, as the lag period in carbon uptake by algae and carbon released from algal biofuel is shorter than any other known biofuel feedstocks. Therefore, cumulative application of microalgae for CO 2 bio-fixation as well as in bioenergy generation is highly lucrative from environmental and economic view point.
Value-added products (VAP)
Microalgal species are potential source of various products associated with health sector such as anti-cancerous product, reduces cholesterol, improves skin health and antimicrobial agents, etc. Its use is not only restricted to medicine; it is being used in cosmetics to protect skin from sunburn and other skin beauty products. Microalgae are rich source of biologically active metabolites, which is widely used in pharmaceutics, and have nutritional importance Sydney et al. 2010) . Figure 2 illustrates the different benefits of microalgae-based products to cure diseases. Microalgae synthesize pigments and biochemical compounds such as protein, carbohydrate, lipid and carotenoids. The biochemical composition of microalgae is used as an indirect measurement of algal cell metabolic rate. Microalgal biomass is being used as thickening agents, water-binding agents and antioxidants in the cosmetic industries such as Arthrospira and Chlorella are widely used in products related to skin care (Usher et al. 2014) . VAPs such as face and skin care products, antiaging cream, refreshing care products, emollient, anti-irritants, sunscreen, and hair care products, are widely prepared using extracts (Colla et al. 2007; Pulz and Gross 2004) of different microalgal species such as Chondrus crispus, Mastocarpus stellatus, Ascophyllum nodosum, Alaria esculenta, Spirulina platensis, Nannochloropsis oculata, Chlorella vulgaris and Dunaliella salina (Priyadarshani and Rath 2012) . Microalgae produce several organic metabolites, such as sporopollenin, scytonemin and mycosporine-like amino acids to protect from UV radiation. These VAPs have wide application in different fields such as pharmaceutical, therapeutics, human nutrition, food technology, functional food, antibiotics and green plastics, etc. Figure 3 , shows the multifarious applications of microalgal biomass after harvesting in different categories at major scale. Microalgae are an appropriate feedstock because they do not compete for land to produce different valuable compounds. Schizochytrium sp.
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Chlamydomonas reinhardtii 587 ± 9 Mussgnug et al. (2010) Chlorella kessleri 335 ± 8 Mussgnug et al. (2010) Spirogyra neglecta 0.23 Baltr_ enas and Misevičius (2015) illustrates the different possible VAPs produced by microalgal biomass. There is a range of high-value chemicals compounds such as pigments, antioxidants, bcarotenes, etc, which are largely being used as bulk commodities in different industrial and commercial sectors (Usher et al. 2014) . These products are considered as potential alternative to replace chemical based commercialized products consumed by various industries as a raw material. Some microalgal-based by-products such as lipids, alinolenic acid, docosahexaenoic acid, astaxanthin are being extracted at commercial level due to their great importance as bioactive compounds (Usher et al. 2014 ). There is a wide range of extraction/purification methods which are used to extract the particular component. These extraction methods include organic solvents, breakdown, pretreatment process of encysted cells (cryogenic grinding and acid/base treatment), enzyme lysis (kitalase, cellulose, and abalone acetone powder mainly b-glucuronidase), mechanical disruption and spray drying, etc. Table 3 enlists some microalgae species with their main products, yields, and their extraction methods.
The current scenario of microalgal-based products is well established in the international market. The multiple applications and residue utilization at every step of processing unit have made the microalgae feasible and economically viable to enhance the market potential. It is widely used for human consumption and has highest market value (Table 4) . The current status of these products (microalgal-based VAPs) is not only restricted to research level, but it has expanded up to the industrial and commercial level ( Table 5 ). The current status (commercial and lab scale) of microalgal-derived products with respect to their cost is important to determine as it indicates the market potential of the concerned product. The main drawbacks associated with microalgae products is that they produce less isotopic compounds, like phycobiliproteins and beta-carotene, which are in high demand. Microalgal applications for VAPs present a most recent development and newsworthy research trends that emphasize on scientific and technological related uses of microalgae. Therefore, economic feasible VAPs can be developed by concentrated efforts in research and development to maximize the product output at lower input cost.
Cultivating systems
Photobioreactor (PBR) system is mainly categorized into open-air pond system and closed system. A number of researches have explored the design specification and economic evaluation of these PBRs for lab as well as commercial scale algal cultivation to derive various bioenergy products. Apart from the bioenergy products researchers have also evaluated the viability of cultivation systems for production of various by-products such as nutraceuticals, pharmaceutical green plastic, polymers, etc.
Open-air/pond system (OPS)
Different forms of open-air/pond systems (OPS) have been used previously, e.g., open raceway pond, shallow pond, and circular pond. In OPS, size is restricted to 10,000 m 2 because the mixing of the pond system by the rotating arm is not possible in larger ponds. Open raceway pond is widely used for microalgal biomass production at commercial level (Kumar et al. 2015) . These ponds are generally constructed using a closed loop and re-circulation channel with a depth ranging from 0.2 to 0.5 m. It is mixed by paddled-wheel, to provide the homogeneous distribution of nutrient in pond. OPS requires low power, hence it is economically viable and easy to maintain, easily handled, and clean (Yoo et al. 2013) . Therefore, it is the cheapest method of producing a large amount of microalgal biomass at commercial scale. Therefore, many advantages are associated with OPS, as it has potential to produce the bulk of algal biomass which can be utilized for various product formation, i.e., algal biomass-based bio-power and bioproducts, whereas, disadvantages associated with OPS involve contaminations, environmental variation which imparts a direct effect on culture condition, optimization of pH, temperature, light intensity, etc. (Kumar et al. 2014; Brennan and Owende 2010) .
Closed photobioreactor (CPBR)
CPBR has the potential to achieve tremendous microalgal biomass over OPSs as it overcomes the shortcomings associated with it. There are three basic principles that govern the designing and fabrication of closed photobioreactor, i.e., utilization of appropriate light sources (intensity and wavelength), increasing photon conversion efficiency, and maintenance of an appropriate microalgae biomass culture condition (Dasgupta et al. 2010) . The close term of PBR, i.e., free from contamination inside the culture condition provides no direct exchange of gas between ambient environment and system. Table 6 gives an idea about different close type photobioreactor and its uses in various end-product generations. Such type of PBR is highly efficient regarding biomass productivity as it is fabricated to achieve maximum solar radiation with appropriate tilt angle. CPBR is an effective technology but it is being demonstrated at lab scale, and requires its application at commercial scale. Besides, open and closed types bioreactors, dark fermentation based bioreactors are also been studied to analyze its potential for microalgalbased bio-products (Zhang et al. 2013; Rittmann and Herwig 2012) . Furthermore, The most crucial factors, while designing a bioreactor include light penetration efficiency, agitation and flow rate, area-to-volume ratio with different shape and size of bioreactors (Gao et al. 2014) . Based on the principle of high area-to-volume ratio, flat-plate, tubular and fermenter type of bioreactors are designed which is capable to provide proper mixing, flow, and high light penetration (Dasgupta et al. 2010) . Table 8 At the commercial level, an efficient photobioreactor has not been engineered to achieve higher algal biomass. Both open raceway pond and close photobioreactor are not a matured technology to provide algal-based VAPs in huge amount. Many uncertainties such as optimum cultivation scale, heating and cooling, mixing and gaseous exchange remains to be optimized while producing high-value compounds as reported by Singh and Sharma (2012) . The operating capital cost associated with commercial raceway pond and PBR is very important factor to understand the market potential of algal-based bio-power and bioproducts. Various estimates have been proposed for the production costs of microalgal biomass with different PBR and open raceway ponds in US$, as depicted in Table 9 .
The area of microalgae-based technology for production of different valuable products is being developed rapidly to sustain the economy and ecosystem of the world. The governments in the US, EU, Brazil, China, India, and Canada are funding to facilitate and enhance the algalbased VAPs as it has multiple applications in various sectors (Usher et al. 2014; Borowitzka 2013; Adarme-Vega et al. 2012) . Table 10 indicates the range of different products that comes from microalgal biomass and includes the different methods of cultivation worldwide.
Large-scale cultivation of microalgae regarding the production of nutraceutical and other protein suppliants are predominant in the world market as these products are economically reasonable due to the high-value products such as pigments and nutrients. Adarme-Vega et al. 2012) reported that over 80% green algae producing industries are located in Taiwan, with Mongolia in China along with Israel are top three producers of Dunaliella in the World. Therefore, microalgal production from algae and entrepreneurship is highly required to magnify the business of algal benefits.
Enviro-economical assessments for VAPs from algal biomass
Although many studies are available on multidimensional aspects of algal biomass to contribute in the economy at international level, but still the role of environmental sustainability with system viability at the economic ground is to refrain from this concept. This section is focused on enviro-economical assessments associated with mass production of algal biomass for generation of VAPs at commercial scale and feasibility of reactors used for the production of algal biomass.
Challenges on environmental scale
Though it is well known that microalgae have importance regarding bioenergy generation yet it has some Table 5 Algal derived bioproducts concerning bioreactor and current status Bunnag 2009 (Smith et al. 2010; Wijffels and Barbosa 2010) . Some important ones are delineated here:
Use of nutrient and fertilizer
For mass cultivation of algal biomass, additional nutrients supply such as nitrogen, phosphorus, and potassium (some 
Horizontal tubular bioreactor
Working In such type of bioreactor tilt angle is enough to harvest maximum solar radiation for algal growth and development. For large algal cultivation, it's perfect because this is not susceptible to contamination
Drawbacks It has a gas exchange unit, but the main drawback in such a system is that gas transfer rate is low because of its large horizontal tube and small diameter Zittelli et al. (2013) ; Tredici and Zittelli (1998) 
Helical tubular bioreactor
Working It possesses flexible tubular pipe which is having coiled framework with heat exchange and gas exchange tower. It is coiled/conical shaped structure provides a significant sunlight for algal biomass productivity
Drawbacks Removal of deposited algal biomass culture in the inner wall is a tedious task Rogers et al. (2014) Alfa shaped bioreactor Working Surface and volume ratio is large, and it possesses airlift agitation system. Temperature can be maintained and for gas exchange injection can be done at the vertical unit. High unidirectional flow rate Drawbacks Foam formation due to high cell density
Dasgupta et al. (2010); Aditya and Kunjapur Eldrige (2010)
Flat plat bioreactor Working Surface to volume ratio is medium, and gas exchange generally is done through bubbling. Open gas transfer avoids oxygen build up. Temperature can be maintained through heat exchange coil
Drawbacks Shear due to entrainment of cells till bubbles burst Pohl et al. (1988) 
Anaerobic sequencing batch reactor (ASBR)
Working Flexible in operation, potential capital cost savings by eliminating clarifiers and other equipment, equalization, primary clarification, biological treatment, and secondary clarification can be achieved in a single reactor vessel Drawbacks A higher level of sophistication is required especially for larger systems, of timing units and controls, Higher level of maintenance associated with more sophisticated controls, automated switches, and automated valves Honda et al. (2012) species, e.g., diatoms, also require silicon) are highly required (Handler et al. 2012; Campbell et al. 2011; Wijffels and Barbosa 2010) . Therefore, use of fertilizers cannot be ignored because the dry microalgal biomass possesses fraction of approximately 7% nitrogen and 1% phosphorus (Wijffels and Barbosa 2010) . Substituting fossil fuels with algal biomass would require high extent of fertilizer consumption, which is economically not feasible, and its entrance into the food chain may impart adverse impact on living organisms. Consequently, such condition may change the stability of the ecosystem. Large-scale cultivation of microalgal biomass may impart both downbeat and upbeat impact. Downbeat impacts could arise if leftover nutrients in culture medium pass into the adjacent aquatic ecosystem because of which, the adjacent river receives tremendous amount of nutrient that causes microalgal bloom (Clarens et al. 2010; Lardon et al. 2009 ). It is reported by Agricultural Research Service Scientists and found that 60-90% of nitrogen and 70-100% of phosphorus runoff can be obtained from manure effluents using microalgal turf scrubber, which in turn leads to the eutrophication (Jorquera et al. 2010) . Therefore, excessive use of nutrients should be avoided, and alternatives like different wastewater should be promoted for microalgal cultivation, as suggested by some research groups at the global level (Pathak et al. 2014; Chisti 2012; Kothari et al. 2010 Kothari et al. , 2012 .
Algal toxicity
Algal species have potential to produce toxic substances ranging from simple ammonia to more complex physiologically active substances such as polypeptides and polysaccharides. These compounds have potential to harm the other native species present in adjacent system. Their effect may vary from acute to chronic for other native species as reported by Razon and Tan (2011) . Toxins production usually varies from species to species and local environmental circumstances. As a result, appropriate algae selection for biomass cultivation is very crucial to avoid the algal toxicity in algal-based industrial sector.
Genetically modified algae
A large number of algal species produces valuable compounds in significant amounts, though their products are yet not competitive as compared to petroleum based fuels. In this regard, application of genetic and metabolic engineering approach is essential to improve microalgal species that can produce high biomass and lipid contents (Gangl et al. 2015) . Although many genes controlling these events related to enhanced biofuel production is largely unknown. But recently, the availability of large number of bioinformatics tools and genome sequence of many algal species helped in addressing this issue. Genetic engineers forecast that microalgae will be redesigned to produce biofuels using insights from synthetic biology-an advanced method of creating genetically engineered algae (Dana et al. 2012) . The main goal of algal engineering is to accelerate the evolution of strain which can convert solar energy into lipids or triglycerides that can further be refined into biofuels. Genetic engineers are attempting to do this by splicing new genes into strains of algae and manipulating their current genes. Advances in science and technologies and availability of new and improved genetic tools, enable scientists to analyze and manipulate the metabolic pathway of microalgal cells with extraordinary correctness. Metabolic engineering approach along with genetic engineering helps in identifying target pathway and its enzymes towards harnessing maximum benefits from the microalgal species. To achieve maximum production of biofuels from the algal strains, an effective biochemical pathway should be constructed with a proper selection of host and other essential requirements targeting and it's modeling toward desired product formation.
Fossil fuel utilization
Cultivation process of microalgae biomass production required electricity consumption and drying process of microalgal biomass requires natural gas. In PBRs high microalgal biomass productivity has been reported, rather than open pond system and the former requires temperature control system using electricity (Khoo et al. 2011; Plappally and Lienhard 2011; Mata et al. 2010 ). Hence, temperature control, i.e., heating and cooling of the system boosts the demand for fossil fuel many folds. Significant microalgal biomass production at the cost of fossil fuel must be avoided with the use of renewable energy technologies (RETs).
Green house gas emission by algae
Microalgae also release CO 2 and CH 4 through respiration and anaerobic decomposition of the waste material. Therefore, research work should also focus on molecular level to suppress the production of green house gasses to minimize the global warming potential (GWP). There are some gasses emitted from microalgae and its impacts on the environment have been suggested in Table 11 . There is negative energy balance obtained in microalgal-based VAPs production process. The essential nutrients required Impact fluctuation from microalgae
Ranges from negative to positive when offset by photosynthesis Positive Environmental impacts (direct) Green house gas Green house gas
Further reaction Inhibits isoprene production Decomposition to CO 2 precursor for organhalogens in microalgal cultivation impart a downbeat impact on the sustainability and economics of the process if artificial fertilizers are used. The most important concern is to make microalgal-based biofuel economically viable associating with wastewater treatment or the production of valuable by-products.
Challenges on economical scale
To know about the economic feasibility of microalgae biomass cultivation methods for mass production, costmodeling approach is required. The production costs of algal cultivation must be decreased drastically, to one-tenth of the current level, if cost-modeling approaches stipulate with large-scale cultivation of algae. It can be achieved by applying improved reactor designs and also by use of more efficient/genetically modified microalgal strains. Also, a substantial saving on nutrients becomes possible by making use of waste, and residual flows and recycling of these nutrients can reduce the cost regarding nutrient supplement. Furthermore, a considerable reduction of energy consumption can be achieved by the use of energy-efficient pumps. A better harvest and downstream processing methods can significantly reduce the costs, without compromising quality of final product. The cost related analysis reveals that the operation cost regarding raceway pond system is associated with labor, utilities, and raw materials, but the production cost allied to the PBRs is dominated by the capital cost of PBRs. Open pond system is economically cheap, but there are so many inconveniences associated with it, such as less productive, extensive land area requirement, optimization of physico-chemical parameter, chances of contamination, etc. Photobioreactor is relatively expensive, but it is a favorable option for algal-based VAP generation because of easy optimization and less contamination in comparison to open system. Use of different photobioreactors for microalgal biomass cultivation is an effective and promising approach as it provides a wide range of solar receiver area, high area/volume ratio to receive maximum solar radiation for proper growth and development. Noteworthy cost decline ([50%) may be obtained if CO 2 , nutrients, and water can be acquired at near to onsite spots. Subsequently, it could dramatically increase the demand for microalgal-based VAPs (Davis et al. 2011; Norsker et al. 2011) . Regarding composition, a microalgal biomass is more potent, compared with another source of biomass, but it is expensive with respect to the production and operational cost. Therefore, a significant and economically feasible long-term research effort is needed to achieve a suitable and viable process for mass cultivation of microalgae. To resolve the challenges associated with algal-based product industry, more open data sharing and synchronization of analytical and methodical approaches for microalgal cultivation to product generation is highly desired. In addition to this techno-economic assessments, and life cycle analysis of derived product is also essential to determine the sustainability of the process.
Critical evaluation of VAPs on enviro-economical scale
To accomplish validated pragmatic goal regarding microalgal-based VAPs, microalgal cultivation and products yields for its development as a next generation renewable products poised a central role (Table 5) . Nowadays, to scale up the microalgal market potential various microalgal platforms such as photoautotrophic, heterotrophic, mixotrophic, lignin-producing microalgae, and oil producing microalgae have been promoted to enhance the quality and quantity of microalgal-based VAPs. Though, a large number of microalgal-based VAPs have been generated, but only a few of them have the capability to replace their alternative, i.e., chemical based products. Regarding animal food, microalgal biomass density is higher as it is available in fresh and marine water both. In many countries, it is being sold as edible material. Microalgae-based value-added chemicals being used in cosmetics are herbal in nature and do not pose much risk to skin. To enhance the quality and quantity of microalgalbased VAPs, various key factors have been critically evaluated as an important part for processing, like:
1. Environmental assessment of VAPs from microalgal biomass evaluated by various authors and supported by various life cycle assessment reports (Quinn and Devis 2015; Vasudevan et al. 2012; Stratton et al. 2012 ; http://www.aquafuelis.eu/deliverableshtml). The environmental risk assessment report of genetically modified microalgae that is also in favor of its cultivation in open pond system after a lab scale testing period. 2. At economical scale, microalgal feedstock has a market potential in the trillion-dollar range. Nevertheless, market analysis shows that exploration of VAPs is not significantly achieved due to the lack of adequate extraction and purification approaches. Furthermore, the production cost is also difficult to estimate due to the wide variation in technologies, different strain-specific harvesting requirement and most important is a lack of published information/data from commercial sectors. The omega-3 market is estimated to be valued at USD 9.94 Billion in 2015. It is projected to grow at a CAGR (compound annual growth rate) of 13.8% from 2015 to 2020. The Omega-3 PUFA market is segmented on the basis of its types into docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA) and alpha linolenic acid (ALA) (Market and markets 2016) . The expected market potential of microalgal-derived high-value compound, i.e., docosahexaenoic acid and eicosapentaenoic acid has been estimated $300 million and $1.5 billion, respectively. The worldwide production in terms of quantity of various microalgae like Spirulina, Chlorella, Dunaliella, Nostoc, and Aphanizomenon, etc, has been speculated 3000, 2000, 1200, 600, and 500 ton per year, respectively (Pulz and Gross 2004) , and these microalgal biomass extracts is being used by various industries for its high-value chemical compounds.
Hence, advancement in processing systems is urgently needed to bring a significant breakthrough for greener and sustainable VAPs from microalgal biomass.
Future perspectives of VAPs
The sustainability of microalgal-derived value-added products depends on the development of sustainable and eco friendly technologies. Numerous microalgal-based valueadded products would emerge that will replace the chemical based non-renewable products having severe environmental impacts. In future, microalgal-derived plastics, polymers, high-value chemical compounds, cosmetics, paints, lubricants, cosmetics, coatings, and paper would be able to sustain the green economy of the society, efficiently. The success of the microalgal-derived product requires industrial development and the optimum combination of technical innovation to achieve tremendous microalgal biomass. Economically feasible processes coupled with practical implementation and integrated scale up for commercial scale production is required to enhance the market potential of microalgal-based value-added products. The design of different kind of PBRs require innovative technologies to improve some key parameters like light capturing and distribution (e.g., spectral shifting and internal illumination), mass transfer (e.g., membrane PBRs), and reduction of construction costs (e.g., plastic bag PBRs) associated with PBRs to achieve maximum productivities. In the case of biofuel production, energy balance is a challenging parameter, as it requires huge energy for different processing units, therefore, intensive research has to be carried out to minimize energy demand for its cultivation and biofuel production. To minimize the cost of different processing units, an integration of wastewater with industrial source of carbon, i.e., flue gasses is a significant source while keeping the prices low. Therefore, innovative technology related to carbon capture and storage from various smoke stacks must be implemented for better growth and development of algal biomass. Extraction and purification of microalgal-derived high-value compounds have to be magnified many folds to dig out maximum output. Microalgae are the best suitable option since it does not compete with the production of food and feed and avoid fresh water and huge land area. Due to its versatility and tremendous potential, such a tiny microorganism sustains microalgal-based biofuel, valueadded products, and bio-economy, to provide endless opportunities in the microalgal market worldwide. The prolonged development associated with microalgal-based value-added products will lead to high demands, development in new technology, and new economic opportunities. The contemporary research level, as well as industrial activity, is very encouraging for the concerned sector worldwide. The integration of technologies for the production of microalgal-based biofuel and value-added products would be more sustainable as it reduces the capital and operating cost of integration versus stand-alone value-added production along with location and local microalgal-based product market dynamics. There are numerous opportunities and challenges regarding large-scale application of microalgal-based value-added products worldwide. An effective utilization of value-added products is highly crucial for commercialization as well as future developments. It can be speculated that the prospects regarding microalgal biotechnology will lead to a diverse range of technical solution for cultivation in microalgae. It has been predicted that bio-prospecting can be helpful to identify desired microalgal traits with (i.e., high growth rate, high lipid content, high-value compounds, high growth densities) high-value co-products, even as growing on low costs. Therefore, research regarding the development of microalgal-based value-added products has to be done with the fast rate to conquer the chemical requirements, where microalgal-based high-value chemical compounds are alternative sources. Hence, biofuel, together with other VAPs can make the process economically feasible and expected to generate job opportunities along with a positive effect on overall sustainability. To maximize the economic viability of algalbased VAPs, ecological, genetic (biotechnological and genetic engineering), and biochemical developments of microalgal species associated with amalgamation of co-located inoculation, microalgal cultivation, primary and secondary harvesting, processing of system, post harvesting physiological variations of generated algal biomass and sustainability of whole operation should be explored and integrated with commercial applications.
Conclusion
The main aim of this article is to critically focus on the combined enviro-economical impacts with generation of value-added products from microalgal-based biomass.
Major findings have concluded that production of VAPs, integrated with biofuel can be commercialized, but major challenges should not be ignored at the part of environment because they have the potential to recover in the long-term with sustainability and to contribute at bio-economy on behalf of chemical based products and fossil fuels. Similarly, reactors for mass production is also one of the major contributing factor to assess its feasibility on enviro-economical scale, because OPS type reactors can be made at low-cost for mass production and challenges associated with this need a proper R&D. Therefore, microalgal cultivation should be done at zero environmental cost as microalgal-based biofuel, and high-value compounds are being reached at a tipping point. The market value and its potential are expected to be double in the upcoming years, which directly show the future prospect of economic growth. A potential platform for algal-based value-added products is speculating to grow substantially over the next few years. Genetic manipulation and metabolic engineering of microalgal strains can be a way to meet immediate and long-term demands for food and liquid fuel production on a sustainable basis. In this regard, the main goal is to develop microalgae-microbial fuel cells that can effectively channelize the solar energy into electrical energy via algal metabolic pathways.
